I. INTRODUCTION

D
ESPITE the maturity of electromagnetics as a discipline within electrical engineering, curricular approaches for teaching electromagnetics seem to be in continual flux. For example, although the fundamental principles in electromagnetic theory are well established, the community continues to produce new textbooks that highlight the relevance of high-frequency effects for modern applications. Additionally, the rapid improvement of computational technologies has led to new educational approaches that facilitate conceptualization through enhanced visualization of physical phenomena [1] - [10] .
When considering changes to pedagogical approaches for electromagnetics education, it is important to include revisions to the teaching laboratory [11] - [16] . When properly planned and executed, the tangible experiences provided in the laboratory reinforce physical principles and mathematical descriptions offered in the course. Additionally, good experiments can foster student motivation and enthusiasm as well as facilitate exposure to modern analysis, design (both component and system level), fabrication, and test procedures. This concept is consistent with recent recommendations that educators introduce fundamentals within the context of engineering applications [17] .
Several excellent laboratory approaches and experiments have recently been proposed [11] - [15] . This work adds to the body of possible laboratory projects by introducing system level design experiences based upon microwave radar applications. This application area has been chosen because: 1) radar design is an area of strength within the department's research program, allowing a positive laboratory experience to be provided for students; 2) radar instruments contain a wide variety of microwave components and do not require sophisticated intermediate frequency (IF) subsystems; and 3) radar baseband data interpretation does not need to be accomplished in real time. Two different C-band projects-a Doppler radar and a synthetic aperture radar (SAR)-are proposed. Students use modern computer-aided design (CAD) tools coupled with planar technology and surface mount components in the project design and fabrication. They also gain valuable experience using standard test equipment to troubleshoot their designs and evaluate component and system performance.
This paper offers information concerning the infrastructure required to accomplish these laboratories and provides details regarding the system designs. Procedures for component design, fabrication, and testing, as well as system integration-which have been developed through several iterations of the projects and which prove to reduce student frustration and instructor time commitment-are suggested. It is noteworthy that these techniques are applicable to many other potential laboratory projects, such as communications systems, and therefore this paper is relevant to those wishing to develop other microwave design laboratories. Methods and results of system deployment are highlighted. Finally, observations concerning the educational impact of the projects are offered as conclusions.
II. LABORATORY GOALS AND INFRASTRUCTURE
Before providing a detailed description of the proposed projects, it is helpful to discuss the goals to be accomplished by the chosen experiments. In the laboratory courses, the priorities are as follows: 1) reinforce the physical principles and engineering techniques taught in the accompanying course; 2) motivate the relevance of high-frequency phenomena in engineering application; 3) introduce students to modern CAD tools, fabrication technologies, and test procedures; 4) facilitate exposure to both component and system level design; 5) foster the attitude that electromagnetics is enjoyable. Understood in these goals is the fact that the student-designed system should accomplish a useful and observable function without requiring excessive additional laboratory work (such as low-frequency circuit design or excessive computer programming) that does not contribute to reinforcing the principles learned in the classroom. To accomplish these goals, radar systems have been targeted since these projects offer several advantages as outlined in the introduction. However, despite these advantages, implementation of such labs clearly comes at the cost of significant infrastructure. Table I shows the basic equipment and supplies required to support the two projects outlined in this paper along with some rough cost estimates. No cost estimates are provided for some of the basic test equipment due to the wide range of products available to address these needs. For example, the source can be as simple as a $50 voltage controlled oscillator (since an absolute frequency reference is not required) or as complex as a $30 000 synthesized sweeper. Fortunately, much of this infrastructure is already in place in many high-frequency laboratories, and there are many grant and donation opportunities which aid in the acquisition of additional equipment. Also, simulation software is readily available to educational institutions for little to no cost. In the laboratory, the agilent advanced design system (ADS) design and layout software is used.
In addition to this required infrastructure, each student laboratory station includes a digital sampling oscilloscope, a power supply, a microwave sweep generator, and a low-frequency function generator. This equipment aids during the testing phase of the components and systems. Also, a track (roughly $1200 in material costs) for deployment of the SAR had to be constructed. Finally, a cost of approximately $10 per student in consumables (substrate, solder, mill bits) and replacement components is incurred. Naturally, this cost can be assessed as a lab fee if necessary.
While the undergraduate courses associated with these laboratories focus on transmission lines and linear passive structures, the design projects require active and nonlinear devices such as amplifiers and mixers. In first implementations of these laboratory projects, students were given the information sheets concerning the available surface mount components and were expected to design a single-board radar system. With this approach, however, it was extremely difficult to troubleshoot systems after fabrication. Additionally, while surface mount amplifiers are relatively inexpensive, passive mixers are typically more costly, and it became difficult to reclaim these components for use in subsequent years since the surface mount removal process often damaged the device.
As a remedy for the problems associated with single-board systems, a modular design approach was adopted where each individual component is fabricated on its own board and terminated with coax (SMA connector) to microstrip transitions designed specifically for end-launching on printed circuit boards. If properly connected, these transitions offer an adequate match for most radar applications, with voltage standing wave ratios (VSWRs) typically below 1.2. Given this approach, large numbers of amplifier and mixer modules, with the coaxial connectors soldered to the board, have been fabricated and are provided to the students for their project. Student fabricated components are then fitted with similar connectors which have been modified with a thumb-screw so that the connectors can be attached and removed easily. Velcro strips are glued to the back of each component, and the modules are connected together and pressed onto a rigid wooden integration board coated with mating Velcro material. This modular approach allows students to test their individual components before assembling them into the final system. Additionally, considerable cost was saved by being able to reclaim the amplifiers and mixers each semester.
III. LABORATORY PROJECTS
A. Doppler Radar
In the junior-level laboratory course, the design of a 6-GHz Doppler radar system was introduced. Fig. 1 shows a block diagram of the system used. A microwave signal generator supplies the 10-dBm 6-GHz carrier which, after passing through the power splitter, is amplified and broadcast through the transmit antenna array. If an object (such as a hand or corner reflector) is placed in front of the system, the signal reflected by the object is detected by the receive antenna array. When this signal is mixed with the copy of the transmitted waveform, the resulting IF voltage will be at the Doppler frequency (produced from movement of the reflecting object) and can be observed on an oscilloscope. The velocity of the object in the direction normal to the plane of the radar system is then computed using the expression [18] (1)
where is the free-space wavelength of the excitation signal.
The student design effort focuses on the 3-dB power splitter and the four-element microstrip patch array antenna. The design of the power splitter, which is simply a microstrip tee junction followed by single-section quarter-wavelength matching circuits on the tee output legs [19] , reinforces their understanding of impedance matching and provides exposure to practical microstrip design. Students perform a paper design of this component, simulate its performance in a schematic window of the ADS software package, and tune the design to compensate for the microstrip discontinuities. The software is then used to create a microstrip layout file which is transferred to the milling machine for fabrication. The coax to microstrip transitions are attached to the final board, and the device performance is tested on a network analyzer. Fig. 2 shows the simulated S-parameters for this component.
The design of the microstrip antenna proceeds in a similar fashion. In this case, students use simple curves to create a preliminary design of a single radiating element [20] . They then use the moment method simulation capabilities of the ADS suite to analyze and tune the antenna. To facilitate the later integration of the antenna into the corporate-fed array, the design is typically made for an input impedance of 100 . The single element antenna is fabricated, and the input match and radiation pattern are measured using the test facilities. The students then incorporate the antenna into the four-element array using microstrip tees and again test the input match and radiation pattern. To save costs, the students only fabricate one of the necessary arrays while a second array is provided for them.
While the students do not fabricate their own amplifier and mixer modules as part of the laboratory, we do want to provide them with some basic understanding of device parameters. To facilitate this, basic models have been created of the amplifiers and mixers used in the laboratory within the ADS simulation suite. Students are then given the assignment to perform amplifier simulations where the input power is swept so that they can visualize the meaning of 1-dB compression point and gain saturation. They also perform simulations on the mixer to assess the meaning of conversion loss. Since this is a beginning class, more advanced nonlinear behaviors are not emphasized. However, this may be suitable in a senior-level course where the project may be used.
The final portion of the course involves system integration and testing of the complete radar. Fig. 3 shows the final integrated radar system, where the student-fabricated tee and other connectorized components are visible. To measure the radar range capability, one student moves a corner reflector back and forth at various locations while a second records the voltage level observed on the oscilloscope as a function of the mean distance to the corner reflector. To test the system accuracy, one student runs at a constant speed toward the radar, and the velocity derived from the observed Doppler frequency is compared to that obtained using a distance over time ratio. Typically, students are enthused about their useful system and will see how small of an object they can observe or how fast or slow a speed they can detect.
The entire laboratory project requires approximately three to four (depending on the amount of testing performed at each step and of ancillary simulations required) three-hour laboratory sessions. The design is robust and has consistently worked for approximately 150 students over the past three years in the laboratory.
B. SAR
The project in the senior-level laboratory course, a 6-GHz SAR, is somewhat more ambitious than the Doppler radar of the previous section. A block diagram of this system appears in Fig. 4 . For this project, the 6-GHz tone produced by the microwave generator is mixed with a pulse created by an arbitrary waveform generator. The pulse is 1 s in duration and is characterized by a linearly ramped frequency from 30-100 MHz. This resulting "chirped" signal is filtered to remove the upper sideband before transmission. The branch-line coupler provides the local oscillator (LO) for the down conversion to in-phase (I) and quadrature (Q) components by generating two replicas of the carrier signal offset by 90 . Other required power splitters are implemented as Wilkinson dividers. The antennas are implemented as eight element microstrip patch arrays. However, because the students have already experienced antenna design during their junior year, previously fabricated arrays are provided for them.
The student design effort for this project focuses on the Wilkinson power dividers, the branch-line coupler, and the bandpass filter which is implemented as a microstrip coupled line filter [19] . These components are again designed using the principles taught in the accompanying course and are subsequently implemented within an ADS schematic window for S-parameter simulation and tuning. The components are fabricated as previously described and tested on the network analyzer. System integration is then performed and the radar is tested in the laboratory before final deployment at the test location. Figs. 5 and 6 show typical student-fabricated components and an integrated SAR system (without the transmit array).
The SAR deployment occurs on a length of track (constructed from channel iron designed for industrial hanging doors-see Fig. 7 ) installed along the edge of the roof of the engineering building on the Brigham Young University campus. A small cart has also been constructed to sit on the track, and a garage door opener fitted with a long chain is used to move the cart at a relatively constant speed of 0.35 m/s. The cart is loaded with the arbitrary waveform generator, the microwave generator, and the sampling oscilloscope which samples the baseband I and Q signals at 500 Msample/s and stores the data for post processing. During the measurement, the pulse repetition frequency (PRF) is set to 4 Hz with no signal averaging. The radar images the roof of an adjacent building which has a number of metal objects that provide a strong return to the radar. The sampled data from the deployment is transferred to a computer for processing using Matlab routines. A 30-min lecture is offered at the beginning of four consecutive laboratory sessions in order to educate students concerning the signal processing required to compress the raw data to obtain a high-resolution image [21] , [22] . Given the frequency bandwidth of MHz and the antenna dimension of roughly cm, the range and along-track resolution are given, respectively, as [21] m (2) cm (3) where is the speed of light.
Figs. 8 and 9 show a photograph and a radar image, respectively, of the scene observed by the SAR. All of the large metal structures on top of the roof are clearly identifiable in the radar image. Students are expected to physically measure the size and distance between targets and compare with the data obtained in their images. They provide written reports in which they not only document their design, fabrication, and deployment, but also provide physical reasons for any discrepancies between their theoretical predictions and actual measured responses. In both laboratory projects, the students perform their laboratory work in pairs, but work individually on their written reports. Grades are assigned according to the project functionality and the quality of the report.
IV. OBSERVATIONS AND CONCLUSIONS
These projects have been used now for three consecutive years in the curriculum at Brigham Young University. From a quantitative point of view, introduction of the SAR resulted in an increase in enrollment in the senior-level class from 15-36 from one year to the next. From a more subjective standpoint, the faculty have observed considerable enthusiasm in the students. Frequently during instruction in the course, students will request a more thorough explanation of phenomena they observe in the laboratory. As such, the majority of the students appear more motivated to tackle the difficult theoretical and physical principles in the course as they become more aware of their relevance in engineering application.
When coupled with traditional electromagnetic laboratory exercises that emphasize the physics of electric and magnetic fields, transmission line properties, and wave behavior, these system level design experiences can significantly enhance the student educational experience and help them gain a more thorough appreciation of the physics upon which the electrical engineering discipline is based. Students observe practical issues not covered in the classroom, and gain confidence in their abilities to utilize high-frequency principles for useful applications. As such, laboratory projects such as these help to make the educational experience more enjoyable and to better prepare students to contribute in the scientific advances of the discipline.
